Mycoplasma bovis was inoculated alone or in combination with respiratory syncytial virus into the respiratory tracts of 12 gnotobiotic calves. Clinical signs ranged from transient pyrexia to protracted fever accompanied by severe lower respiratory signs and in one case, arthritis. Pulmonary lesions included foci of coagulative necrosis surrounded by mononuclear cells and suppurative bronchiolitis with varying degrees of lympho-reticular hyperplasia. No enhancement of lesions occurred in the combined infections of M. bovis and respiratory syncytial virus. M. bovis was identified by immunoperoxidase labelling in lesions of necrosis, especially at interfaces between the lesion and mononuclear cells and in bronchiolar exudates. Organisms were also located in necrotic lesions of joint capsules, in tonsillar crypts, and in liver.
Mycoplasma bovis causes sporadic, but often severe, outbreaks of mastitis and arthritis in ~attle.~JI It was described for the first time in the United Kingdom in association with a severe outbreak of bovine respiratory disease. 26 Subsequently it was shown to produce moderate lesions of pneumonia and arthritis in gnotobiotic calves.L2
During studies of the immune response to M. bovisZ0 a previously unrecognized necrotic lesion was revealed, which is described in the following paper. In view of recent evidence which strongly implicates respiratory syncytial virus and M. bovis together in the pathogenesis of calf pneumonia (Thomas et al., unpublished observations) , the study was extended to see whether combined infection with these two organisms increased the severity of the experimental disease seen with either alone.
Materials and Methods
Seven Friesian or Aberdeen Angus cross Friesian gnotobiotic calves4 were inoculated with 10 ml of a culture of M. bovis by the intratracheal route. Five calves were killed 14 days after inoculation and two (S 157 and S 160) after 27 days ( Table 1) . Three gnotobiotic calves (controls) were inoculated endobronchially, 3 times, with 20 ml of sterile mycoplasma broth, at 2 to 3 day intervals; they showed a < 1% pneumonia score, 14 days after the last ino~ulation.~~ In a second experiment five calves were each inoculated intranasally with 10 ml respiratory syncytial virus and intratracheally with 10 ml M. bovis. Three calves were inoculated with the two microorganisms 7 days apart, and two simultaneously ( Table 2 ). These five calves were all killed 14 days after inoculation with M. bovis. Two additional calves (S147 and S158) were inoculated intranasally with the Snook isolate of respiratory syncytial virus alone and which showed no pneumonic lesions when killed 21 days later, served as controls for the virus component of the combined experiment ( Table 2 ). All calves in both experiments received ampicillin (1 0 mg per kg) intramuscularly for four days starting on the day of challenge in order to reduce the risks of contamination by bacteria.
Nasopharyngeal swabsz5 were taken into transport medium containing no antibiotics immediately before inoculation and subsequently at 2 to 4 day intervals until slaughter. Lung tissue and lung washingsz7 were also collected at slaughter. Serum samples were obtained immediately before inoculation and at slaughter.
Rectal temperatures were taken daily from 4 to 5 days before inoculation until slaughter.
M. bovis strain Abll, used throughout the study, was grown in broth9 or solid media.16 Ampicillin (1 mg per ml) was substituted for penicillin and. thallium acetate was omitted from broth used to grow inocula. Seed cultures were stored at -70 C and diluted lo-' in broth medium to provide 10 ml of an overnight culture for inoculation of mycoplasmas with the same passage history. All calves were inoculated with 5 x lo9 colony forming units M. bovis intratracheally in 10 ml medium. Lung tissue was homogenized in PBSa to give a 20% w/v suspension, and the number of colony forming units determined on solid medium referred to above. Six pieces of consolidated tissue were examined. Numbers of M. bovis in lungwashes were also expressed as colony forming units.
Six animals were examined for mycoplasmas in their blood by taking blood into heparin (1 0 units per ml) and adding 10 ml to 40 ml broth.9 After 4 days the broths were examined for M. bovis by plating samples onto solid media.16 Blood was taken for examination on days 1-4,7,9, 11 and 14 postinoculation.
Antibody to M. bovis in sera was measured by the single 571 radial hemolysis technique. 18 The number of bacteria present in pooled lung homogenates was determined on ox-blood agar plates as described previously. 28 The Snook isolate of respiratory syncytial virus was grown in calf kidney cells and used to inoculate the gnotobiotic calves in the second experiment. Each calf received 10 ml of culture fluid containing between 103.3 and 104.9 plaque forming units of virus by the intranasal route. Cells from lung washings and nasal swabs were inoculated into calf testis and secondary calf kidney cells which were maintained and examined as previously described.24 Plaque assays of nasal swabs were performed on secondary calf kidney cells and counted after 10 days at 33 C. Sera were titrated for neutralizing antibodies to respiratory syncytial virus and bovine virus diarrhea virus antibody in microtiter tests in order to exclude the presence of contaminating, non-cytopathic virus.22 A fourfold or greater rise in titer was considered significant evidence of infection. Sera were also screened at 1/10 dilution for antibodies to bovine syncytial Virus by indirect immunofluorescence on cover slips of calf testis cells infected with bovine syncytial virus.
An autopsy was performed on each animal and macroscopic lesions noted. A pneumonic consolidation score (Yo pneumonia) was made for each lung and expressed as a percentage of the dorsal lung surface. Tissue was taken from the lung (3 to 4 sites), trachea, nasal cavity, bronchial lymph nodes, tonsil, liver, and kidney from all animals at slaughter, and from the left stifle joint of calf S160, fixed in formolsublimate (10% formaldehyde solution in saturated mercuric chloride solution), replaced after 24 hours with 80% ethanol, dehydrated embedded with paraffin wax, and routinely stained by hematoxylin eosin. Lendrum's phloxine tartrazine stain was also used selectively.
Paraffin sections of formol-sublimate-fixed tissue were stained by the peroxidase antiperoxidase method of Sten~berger~~ as modified29 with primary antiserum to Mycoplasma bovis prepared in rabbits.14 Briefly, sections were dewaxed, mercuric chloride deposit removed, and non-specific background staining eliminated by incubation in nonimmune swine serum. Slides were then incubated in 1/640 primary antiserum for 2 hours, the endogenous peroxidase inhibited with periodic acid followed by sodium borohydride, 1/20 swine antirabbit immunoglobulins (Dakopatts, Dako Ltd., High Wycombe, England) added for 1 hour, 1/50 rabbit peroxidase antiperoxidase (Dakopatts) added for 1 hour, and the peroxidase detected with diaminobenzidine tetrahydrochloride. Sections were finally counterstained briefly with hematoxylin, dehydrated, and mounted in DePex mounting medium (BDH Chemicals Ltd., Poole, England). All incubations were at room temperature, and all dilutions were in sterile phosphate buffered saline pH 7.0.
The specificity of the reaction was controlled either by the omission of the primary antiserum to M. bovis, or by applying the full staining procedure to lung material from 1) the two virus control calves and 2) two further gnotobiotic calves, experimentally infected with Pasteurella hemolytica which had 30 to 50% pneumonia. The specificity was further confirmed using tracheal organ cultures separately inoculated with M. bovis and M. dispar and by failure to label organisms with the heterologous a n t i~e r u m .~~
Results

Single infections with M. bovis (1st experiment)
No clinical signs were observed in the three control calves receiving sterile broth alone; at slaughter one calf had a small pneumonic lesion (1% pneumonia), but no macroscopic lesions were seen in the other two calves.
Clinical signs were present in four and pneumonic lesions in seven of the seven animals inoculated with M. bovis (Table 1) . Calf S 160 also showed severe lameness associated with swelling of the left stifle joint and had difficulty in standing 7 to 10 days after inoculation. A soft fluctuating swelling was also present in the tissue overlying the right ilium.
Consolidated areas of lung ( Fig. 1) were red hepatized and in most animals interspersed with raised white, indurated, nodules or smaller multiple white foci. Interlobular septa were often prominent and in all animals the respiratory lymph nodes were enlarged.
In calf S160 (37% pneumonia) interlobular and cardio-lobular adhesions were present as well as a thick, viscid, mucopurulent exudate in the tracheobronchial tree. Small focal hemorrhagic lesions were also present on both left and right atrio-ventricular valves. Incision of the soft swelling over the right ilium revealed an abscess. Incision of the left stifle joint released a turbid synovial fluid with suspended debris and exposed a creamy caseous layer, 1 to 2 mm thick, covering the synovial membrane. All other limb joints appeared normal.
No significant microscopic lesions were seen in two of the calves inoculated with sterile broth. In the calf with 1% pneumonia, the lesion comprised round cell Gross enlargement of the bronchial and mediastinal lymph nodes may also be seen. figure) . A line of pyknotic cells defines the margin; large numbers of mononuclear inflammatory cells, mostly macrophages and plasma cells, accumulated beyond margin. Calf S160, HE. Bar = 100 pm. In two animals (M21 and P12) the lesion was restricted to a purulent bronchiolitis and peribronchiolar lymphoreticular hyperplasia. The necrotic lesion in the lung parenchyma was located primarily in the peribronchiolar and perivascular areas. In its least advanced form the lesion comprised a loose accumula-tion of pale amorphous eosinophilic material interspersed with macrophages and pyknotic cells in which M. bovis organisms could be identified by immunoperoxidase labelling. In the more advanced lesion the eosinophilic material assumed the central area of the lesion and was surrounded in turn by a thin band of pyknotic cells, a wider, loosely packed area of inflammatory cells (comprising mostly mononuclear cellsparticularly macrophages and plasma cells), and finally, in the most advanced lesion (S157 and S160) an outer ring of fibroblastic activity could be seen (Figs. 2, 3). M. bovis organisms could be located by immunoperoxidase labelling particularly in association with the band of pyknotic cells (Fig. 4) . Within the larger areas of coagulative necrosis, vestigial or "ghost" lung structures such as alveoli and small bronchioles could be clearly discerned with cell nuclei in varying stages of necrosis, (Fig. 2) .
In bronchioles a purulent bronchiolitis with flattening and erosion of bronchiolar epithelium (Fig. 5 ) could be seen. Later lesions had abscessation and bronchiectasis with accumulation of pus in the central part of the lesion and organization of fibrous tissue in the peribronchiolar area (Fig. 5 ). Damage to bronchiolar epithelium was slight in some areas. Immunoperoxidase labelling revealed large numbers of M. bovis organisms in the bronchiolar exudate (Fig. 6) .
Lymphoreticular hyperplasia was seen in all seven lungs, but it was only a marked feature in two (P12 and P25). It was largely in the peribronchiolar tissue, but in all animals some interstitial thickening of alveolar walls by round cell infiltration could be detected.
Significant areas of atelectasis or collapse of alveoli were seen in five of the seven animals. Accumulation of inflammatory cells in alveoli was not a prominent lesion.
The macroscopic prominence of the interlobular septa was related histologically to edema of the interlobular connective tissue, moderate infiltration by macrophages, and dilatation of the lymphatic vessels. In some lymphatics, both in the interlobular septa and in the peribronchiolar area, eosinophilic proteinaceous material and some mononuclear cells were present. The pleura was also similarly thickened and infiltrated.
Tonsils and suprapharyngeal, bronchial, and mediastinal lymph nodes of all calves receiving M. bovis had well defined and active follicular structures with frequent mitotic figures. Large numbers of lymphocytes and lymphoblasts filled the lymphatic sinuses and paracortical areas. Other peripheral lymph nodes appeared less active. M. bovis organisms were located by immunoperoxidase labelling in the tonsillar crypts but not in any lymphoid tissue.
The synovial membrane and underlying structures of the left stifle joint of one calf (S 160) were infiltrated by large numbers of inflammatory cells especially plasma cells (Fig. 7) . Focal areas of coagulative necrosis were present in the loose connective tissue of the joint capsule, and M. bovis organisms were located by immunoperoxidase labelling in association with these lesions (Fig. 8) . The liver contained small areas in which the normal lobular cell structure had been lost, giving a reticulated lace-like appearance to the tissue. No inflammation was immediately related to these areas, but some overall enhancement of Kupffer cell activity was detected, and the perivascular portal areas were infiltrated by mononuclear cells. Scattered extracellular foci of M. bovis organisms were located by immunoperoxidase labelling in the liver. In the kidney small focal areas of early necrosis could be detected in the collecting tubules of the inner cortex with accumulation of cellular debris in the lumens. No inflammatory response was related to this lesion, and no M. bovis organisms were located by immunoperoxidase labelling. No specific immunoperoxidase labelling was demonstrated in any of the control lung material.
No mycoplasmas were isolated from the three calves inoculated with sterile broth only. High titers of mycoplasma isolated from lung tissue and lung washings of calves inoculated with M. bovis tended to correlate with the extent of pneumonic consolidation (Tables 1,  3) . Of the four animals examined in this experiment, three proved positive. No isolations were made direct from blood without initial enrichment in broth indicating < 10 colony forming units per ml. Presence in blood did not correlate exactly with clinical response or extent of lesion and occurred in the first week after intratracheal inoculation.
Antibody to M. bovis was detected in four of seven calves at post-mortem (Table 3) . This tended to correlate with clinical signs and extent of lesion.
A Staphylococcus sp., an Aerococcus sp. and a Micrococcus sp. were isolated from the lung tissue of calves P25, S127, and S151 respectively. From two calves (S 127 and S 15 1) I 1 O2 colony forming units per g of lung were isolated, and from the third animal, P25, 1.8 x lo4 per g Staphylococci were isolated. Bacillus sp. ( 2 lo4 colony forming units per g of lung) were isolated from the lungs of the three calves inoculated with sterile broth.
Combined infections with M. bovis and respiratory syncytial virus (2nd experiment)
No clinical signs were present in the two calves receiving virus alone. Significant clinical signs were seen in two of the five calves inoculated with virus and M. bovis (Table 2) , and two calves (R246 and R248) showed slight apathy' and inappetance over 1 to 2 days. The severity of clinical signs did not differ significantly from those seen in calves receiving M. bovis alone. Similarly, macroscopic and microscopic lesions in lung and location of M. bovis organisms by immunoperoxidase labelling closely resembled those seen in the first experiment with the mycoplasma infection alone. In one calf (R246), killed on day 14 post-challenge, phloxinophilic inclusion bodies were seen in cells of the alveolar exudate, some of which were multinucleate. No lesions characteristic of respiratory syncytial virus infection were detected in calves killed 21 days postvirus challenge including the two control animals inoculated with virus alone. Virus and mycoplasma isolations and serology from the combined respiratory syncytial virus and M. bovis infections are shown in Tables 4 and 5. Isolations of mycoplasmas from lung and lung washes were similar in titer to those made and occasionally of the joint cavity,I2 our studies have revealed a pulmonary lesion that is both striking and characteristic. The lesion may be regarded as a combination of acute coagulative necrosis induced by the invading mycoplasma and the investing cellular immune response of the host. This immune response, seen also surrounding the bronchioles, is similar in character, albeit located differently in the lung parenchyma, to the peribronchiolar lymphoreticular hyperplasia seen in other mycoplasma infectiom6 Furthermore, demonstration of specific immune globulin producing cells amongst the mononuclear cell responseZo reinforces the similarity with other mycoplasma infectiom6 Lesions of coagulative necrosis have also been de- The purulent bronchiolitis produced by M. bovis is 7.9 f 0.36 5.3 ND 0 S127
8.1 f 0.30 7.4 5 5.5 S151 6.9 k 0.33 6.2 1 , 4 9.6 S157
8.6 f 0.24 6.2 NI 35.9 S160 8.8 k 0.33 8. mycoplasmas would appear consistent with its ability to penetrate the bloodstream and to give rise to pulmonary and articular areas of coagulative necrosis. It might also explain the relatively greater efficacy following vaccination with a formalin-killed antigen of M. bovis than to that following vaccination with a similar vaccine against M. dispar. 19 The host's immune system, in the former case, is more intimately associated with and therefore more readily mobilized to the lesion caused by the more invasive mycoplasma. Lindsey and Cassel121 postulate several mechanisms for production of the M. pulmonis lesion including the possibility of a specific toxin and/or pressure effects of severe suppuration and the release of large quantities of lysosomal enzymes from neutrophils. Other factors which might be considered particularly in the pathogenesis of the lung parenchymal lesion caused by M. bovis include toxic oxygen products (free H' and OH.
radicals) and lymphotoxin. The relevance of a toxin to the lung pathology in- (Thomas and Howard, unpublished observations) . No enhancement of disease over that caused by respiratory syncytial virus or M. bovis alone was recognized in the combined infection. This could have been in part due to loss of virulence in the strain of virus used, to the wide range of lesion scores seen with M. bovis alone, and to the timing of the inoculations. Virulence in the strain of virus used may not have been apparent due simply to interim resolution of a transient lesion. The characteristic histological features of the lesion caused by respiratory syncytial virus are already passing over by day 7 following inoculation.2.28 However, the virus shedding pattern and peak titers reached indicate that the virus was behaving typically.28 Concerning timing of the inoculations: initially they were designed to be comparable with the majority of calves in the single inoculation experiment with M. bovis, that is, to inoculate both organisms together and to kill after 14 days. Subsequently, the inoculation timing was based on earlier work in mice, using Sendai virus and M. pulmonis, which showed an enhancing effect on the lesion if the mycoplasma was given 7 days after the virus.I7 The 14 day time lapse post-inoculation with M. bovis was retained for comparability between the two experiments. Although no enhancement of disease was recognized in the combined experiment some enhancement of blood invasion by M. bovis and subsequent antibody response was noted: mean duration of the bacteremia was 9 days compared with 2.7 days in the first experiment and mean antibody response at day 14 was 14.8 mm compared with 3.0 mm.
Provision of matched control animals presents a particular problem in experiments using gnotobiotic calves because: 1) the numbers of animals available at any one time are limited; 2) each animal is kept in a unique environment which although outwardly similar may be quite different if, for example, bacterial contamination takes place; and 3) genetic variation in the experimental animals themselves may alone account for wide experimental variation. In view of these intrinsic points of variation in the experimental system we believe that the control animals referred to for the mycoplasma component of the experiments are acceptable, particularly since they were subjected to a more rigorous inoculation procedure than that used in the present experiment. The two virus control animals represent no problem of interpretation since no lesions were recognized at the time of killing. Bacterial contamination in gnotobiotic calve^*^-^^ was not significant in the present experiment; the numbers of bacteria isolated were small and gnotobiotic calves with comparable numbers of the same bacteria have in the past shown no lesions (L. H. Thomas, unpublished observations) . Secondly, no particular species of bacteria was related to the pneumonia produced, and thirdly, all species of bacteria isolated are common in the environment and not those generally associated with calf pneumonia.IJ0 Finally, it may be noted that in the three control calves receiving repeated endotracheal inoculations of sterile broth, relatively large numbers of Bacillus sp. (L lo4 colony forming units per g of lung) contaminated the lung, but in spite of this little or no pneumonic lesions were present.
M. bovis alone can produce severe progressive respiratory disease. This, coupled with its ability to invade the bloodstream and establish acute coagulative necrosis in joints, must place it with M. mycoides subsp. mycoides as one of the most pathogenic of mycoplasmas for cattle. The possibility that it may produce lesions in heart, kidney, and other organs should also be considered. tiae subsp. bovis with bovine alveolar macrophages and bovine lacteal polymorphonuclear leucocytes. Infect Immun 14:11, 1976 15 Howard CJ, Gourlay RN, Thomas LH, Stott EJ: In- 
